Several studies have demonstrated that human umbilical cord blood-derived mesenchymal stem cells can promote neural regeneration following brain injury. However, the therapeutic effects of human umbilical cord blood-derived mesenchymal stem cells in guiding peripheral nerve regeneration remain poorly understood. This study was designed to investigate the effects of human umbilical cord blood-derived mesenchymal stem cells on neural regeneration using a rat sciatic nerve crush injury model. Human umbilical cord blood-derived mesenchymal stem cells (1 × 10 6 ) or a PBS control were injected into the crush-injured segment of the sciatic nerve. Four weeks after cell injection, brain-derived neurotrophic factor and tyrosine kinase receptor B mRNA expression at the lesion site was increased in comparison to control. Furthermore, sciatic function index, Fluoro Gold-labeled neuron counts and axon density were also significantly increased when compared with control. Our results indicate that human umbilical cord blood-derived mesenchymal stem cells promote the functional recovery of crush-injured sciatic nerves.
INTRODUCTION
In clinical dentistry, peripheral nerves, such as the lingual, inferior alveolar or facial nerve, are often damaged by tumor, surgery or trauma. Injured peripheral nerves may gradually regenerate without treatment. However, complete regeneration takes a long time and function rarely returns to the pre-injury level because of endogenous and exogenous factors in the nervous system [1] .
Clinical approaches to promote functional recovery in peripheral nervous injury include cell therapy [2] [3] [4] [5] [6] [7] [8] [9] [10] , neuromodulation (e.g., electrical stimulation) [11] [12] and application of neurotrophic factors [13] . In peripheral axonal regeneration, neural cells and neural supporting cells, such as Schwann cells, may have positive effects [2, [4] [5] . In our previous cellular therapy study, Schwann cells promoted axonal regeneration and remyelination in adult rats [3] . However, collecting and expanding a therapeutically viable number of cells for Schwann cell therapy is technically complex, time-consuming and can result in donor site morbidity. The use of allogeneic Schwann cells could overcome these problems, however these cells could evoke an unwanted immune response [5] .
Mesenchymal stem cells derived from bone marrow, skin, adipose tissue, or dental pulp, have been used as an alternative to Schwann cells to promote peripheral nerve regeneration [6] [7] [8] [9] [10] . Mesenchymal stem cells derived from adult tissues are often collected by invasive procedures and their potential for proliferation and differentiation is reported to decrease with age [14] [15] .
Umbilical cord blood is reported to contain mesenchymal stem/progenitor cells and a large number of endothelial cell precursors, as well as many immature hematopoietic stem/progenitor cells [16] [17] .
Umbilical cord blood-derived mesenchymal stem cells have been successfully isolated by non-invasive procedures and readily expanded ex vivo to a concentration sufficient for cell replacement therapy. These cells express mesenchymal stem cell markers in a similar profile to those obtained from bone marrow, and differentiate into various cell types [15, [18] [19] [20] . Umbilical cord blood-mesenchymal stem cells offer a number of unique advantages, including: a higher proliferative potential and longer lifespan than stem cells isolated from bone marrow and adipose tissue [15] [16] ; lower risk of acute or chronic graft versus host disease and latent virus transmission due to fetal origin; and antiinflammatory effects [21] [22] [23] [24] . In addition, undifferentiated human umbilical cord blood-mesenchymal stem cells express several neural phenotypes, including nerve growth factor, brain-derived neurotrophic factor (BDNF), p75 neurotrophin receptor, neurotrophin-3, neurotrophin-5, neurofilament and glial cell line-derived neurotrophic factor [25] . With these properties, the therapeutic effects of umbilical cord blood-derived cells or stem cells have been noted in various animal models of brain injury and neurological disorders [22, [26] [27] [28] [29] [30] .
However, the therapeutic potential of human umbilical cord blood-mesenchymal stem cells as a regenerative medicine for neurological diseases and injury in the peripheral nervous system is not well documented. The aim of this study was to investigate the effect of human umbilical cord blood-mesenchymal stem cell injection on neural regeneration following crush injury in rats.
RESULTS

Quantitative analysis of animals
A total of 36 Sprague-Dawley rats were included in the study and final analysis. Rats were divided into two groups (n = 18 each): Group 1: human umbilical cord blood-mesenchymal stem cells injection (experimental); Group 2: PBS injection (control). Cells or PBS were injected into the crush-injury site of the sciatic nerve in the experimental and control groups respectively.
Survival of transplanted cells
The sciatic nerve crush injury model showed definite discontinuity of axons with preservation of the epineurium compared with uninjured normal sciatic nerves. Human umbilical cord blood-mesenchymal stem cells were successfully injected into the crush-injury site ( Figure 1 ). Human umbilical cord blood-mesenchymal stem cells were labeled with PKH26 before injection and visualized 2 hours after seeding on a glass slide ( Figure 2A ). Transplanted PKH26-labeled human umbilical cord blood-mesenchymal stem cells were observed in the lesion site, indicating that cells migrated from the lesion periphery to the nerve center from 2 weeks postoperation and with localization along the axon by the end of week 4 ( Figure 2B ). Figure 3A) . Conversely, p75 mRNA expression appeared to decrease, but no significant difference was recorded. In DRGs, BDNF mRNA expression increased, while p75 mRNA expression decreased significantly compared with the control group ( Figure 3B ).
Expression of BDNF
Neural functional regeneration: gait analysis with sciatic function index (SFI)
The SFI was compared between groups to assess functional recovery of the injured sciatic nerve. The SFI of both groups gradually increased by 3 weeks and dramatically improved at 4 weeks. Although the SFI of the control group increased, rats continued to walk with a rolling and unsteady gait over the follow-up period. In contrast, rats in the human umbilical cord blood-mesenchymal stem cells group walked with a steady gait similar to pre-injury level at 4 weeks. At all time points, the SFI of human umbilical cord blood-mesenchymal stem cells group was significantly higher than that of the control group ( Figure 4 ).
Retrograde axonal transport: retrograde labeling
Fluoro Gold-labeled neuron counts were obtained from the cellular profile (three equatorial sections per DRG). In the human umbilical cord blood-mesenchymal stem cells group, the count was 118.96 ± 12.13, which was significantly higher than that of the control group at 73.19 ± 12.84 ( Figure 5 ). For reference, the count in uninjured rats was 188.75.
Axonal regeneration: histomorphometric analysis
Axonal regeneration is a critical indicator of peripheral nerve regeneration. The total ascicular area was similar in both groups. Axon density in the human umbilical cord blood-mesenchymal stem cells group was significantly higher than that in the control group (P < 0.005).
We found myelinated axons were distributed densely in the human umbilical cord blood-mesenchymal stem cells group, while the control group included more degenerated axons. This suggests that axonal regeneration in the human umbilical cord blood-mesenchymal stem cells group was enhanced compared with the control group ( Figure 6 ). 
DISCUSSION
Previous studies support that umbilical cord blood-derived cells modulate the immune response due to low immunogenicity and survive in xenogenic hosts with positive effects in absence of immunosuppressive drugs [22, 26, [30] [31] . In addition, umbilical cord blood-derived stem cells are reported to suppress xenogeneic T-cell proliferation in vitro [21, 24] and decrease expression of pro-inflammatory cytokines in the brain of a pre-clinical stroke model [23] .
These studies emphasize that human umbilical cord blood-derived stem cells most likely inhibit the apoptotic cascade and modulate the immune/ inflammatory response to injury due to their unique properties [21] [22] [23] [24] . Figure 3 Relative mRNA expression of BDNF, TrkB and p75 in the sciatic nerve (A) and L4-6 DRGs (B), 5 days after injection of hUCB-MSCs (hUCB-MSCs group: hUCB) or PBS (control group: con).
All mRNA was normalized to GAPDH. mRNA expression levels of BDNF, TrkB and p75 in the hUCB-MSCs group were relative to that of the control group.
a P < 0.05, vs. control group. The SFI value of both groups was increased, however, SFI in the hUCB-MSCs group was significantly higher than the control group at all time points, indicating functional recovery level was increased by hUCB-MSCs transplantation.
a P < 0.005, b P < 0.001, vs. control group. Statistical significance was tested by analysis of variance. Data are expressed as mean ± SEM, n = 6-11. SFI: Sciatic function index; hUCB-MSCs: human umbilical cord blood-derived mesenchymal stem cells. Jablonska et al [31] reported that inflammatory cells appeared within 24 hours after transplantation of human umbilical cord blood-derived neural-like stem cells into adult and newborn rats and an acute local inflammatory reaction persisted for a few days in adult and even newborn rats. This suggests that the inflammatory reaction might have occurred due to surgical injury or other unclear reasons without regard to the xenotransplantation. For this reason, immunosuppressants were not used in this study. PKH26-labeled human umbilical cord blood-mesenchymal stem cells appeared at the lesion site where they might participate in the construction of the neural network, however, their numbers gradually decreased over the follow-up period. We determined differentiation of human umbilical cord blood-mesenchymal stem cells by colocalization of PKH26 with several neuronal or non-neuronal phenotypes in transplanted cells in the lesion site. Several studies related to human cell survival in rats, have demonstrated that transplanted human cells in newborn rats survive no more than 5 weeks and their survival was not enhanced after immunosuppressant (such as cyclosporine A) treatment [31] . Survival of human cells implanted in animals is therefore not guaranteed. This may be due to reasons beyond immune-mediated cell destruction, for example, mismatches in the requirements for and availability of trophic support, leading to apoptosis of stem cells and their progeny [31] [32] .
During regeneration, neurotrophins and their receptors are reported to be essential at the lesion site and differentially expressed in tissue-specific and time-dependent patterns. In motor axon regeneration after injury, BDNF, TrkB and p75 play distinct modulatory roles, facilitating development of a regenerative preferential environment [33] [34] [35] [36] [37] . BDNF promotes motor function recovery and motor neuron survival after injury and participates in neuronal activities through the TrkB receptor. Regarding receptors, TrkB and p75 generate distinct signals during peripheral nerve regeneration. TrkB is an essential factor for neuron survival and reinnervation after injury, whereas p75 receptor is important during development, but negatively regulates neurite outgrowth and axonal sprouting in motor axonal regeneration [33] [34] .
After sciatic nerve crush injury, expression of BDNF mRNA increased, peaked at day 3 and remained for 1 week. Meanwhile, p75 mRNA levels transiently decreased in the DRGs during the first several days but returned to normal within 1 week. TrkB mRNA was expressed in the normal sciatic nerve and the level was not altered following sciatic nerve crush injury [37] .
Therefore, 4 weeks after transplantation, mRNA expression of BDNF, TrkB and p75 can presumably return to normal levels. Sciatic nerve crush injury increases retrograde transport along the axon from target tissue to the cell body and converts a signal transduction mode to a regenerative mode. Therefore, retrograde axonal transport of neurotrophins is essential for damaged nerves or neurons to survive and regenerate. Many neuronal tracers (i.e., Fast Blue, Fluoro Ruby, Fluoro Gold and Diamidino Yellow) for retrograde labeling analysis have been used and Fluoro Gold is known to be effectively transported and used for short-term study among them [38] [39] [40] . Retrograde neuronal labeling can be achieved by applying tracers to the cut ends of nerves or injecting tracers into nerves. Injection of tracers may be less effective than neuronal labeling (B) Graphs of total fascicular area and axon density. a P < 0.005, vs. control group. Statistical significance was tested by analysis of variance. Data are expressed as mean ± SEM; n = 6. and may produce unacceptable variation in numbers of neurons labeled [38, 40] . Therefore, the method of tracer application to the cut ends of nerves was used in our study. The first time point for gait analysis with SFI in this study was 1 week after injection of human umbilical cord blood-mesenchymal stem cells or PBS following crush injury, not from preoperative SFI. If foot print was recorded and SFI analyzed at pre-injury level, SFI would have been identical in both groups. Moreover, in our previous study, the SFI of crush injury group alone was -53.17 ± 2.4 at 3 weeks postoperatively [12] . [41] reported that the dissector method can be considered as an alternative. Previous studies have reported rat sciatic nerve is composed predominantly of elements originating at levels L 4-6 . However, similar reports have shown that L 4 and L 5 are the major components, while the contribution of L 6 nerves to the sciatic nerve is low [42] [43] . In future studies using the sciatic nerve model, L 4 and L 5 , rather than L 6 , should be harvested. In the uninjured normal rat, axon density is approximately 14 109.002 ± 312.782/mm 2 (data not shown in this study).
Despite improvements in nerve repair, axonal regeneration of the human umbilical cord blood-mesenchymal stem cells group did not reach normal level. Histomorphometric analysis was performed with regard to the total sciatic nerve fascicular area and axonal number. However, myelin thickness before and after human umbilical cord blood-mesenchymal stem cells transplantation following sciatic nerve injury might provide a better understanding of the potentiality of human umbilical cord blood-mesenchymal stem cells transplantation.
In conclusion, transplantation of human umbilical cord blood-mesenchymal stem cells into the rat sciatic nerve following crush injury promoted functional recovery of the injured sciatic nerve and axonal regeneration compared with the control group. Our results show the potential of human umbilical cord blood-mesenchymal stem cells therapy in peripheral nerve regeneration. Nevertheless, the underlying mechanism by which human umbilical cord blood-mesenchymal stem cells transplantation promotes peripheral nerve regeneration remains poorly understood.
MATERIALS AND METHODS
Design
A randomized, controlled, animal experiment. 
Time and setting
Materials
Male Sprague-Dawley rats (Seong Nam, Gyeong gido, Korea) aged 6 weeks, weighing 250-300 g, were included in this study. All rats were raised in accordance with the guidelines of the Laboratory Animal Resources at Seoul National University, Seoul, Korea. Keratinocyte-serum-free medium, fetal bovine serum, human recombinant epidermal growth factor, bovine pituitary extract and PBS were obtained from Gibco (New York, NY, USA). N-acetyl-L-cysteine, hydrocortisone, insulin, ascorbic acid, PKH26 dye kit (red fluorescence), agarose, glutaraldehyde, toluidine blue and osmium tetroxide were purchased from Sigma-Aldrich (St. Louis, MO, USA). TRIzol ® LS Reagent was purchased from Invitrogen (Carlsbad, CA, USA) and Total RNA Extraction Kit was purchased from iNtRON Biotechnology Inc., (Beverly, MA, USA). Fluoro Gold was purchased from Fluorochrome Inc. (Denver, CO, USA).
Methods
Cell preparation for transplantation hUCB-mesenchymal stem cells were isolated and culture-expanded according to the published protocol [18] , kindly donated by Prof. Kang's team (Department of Stem Cells and Tumor Biology, Seoul National University, Seoul, Korea). UCB samples were obtained from the umbilical vein immediately after delivery, with the mother's informed consent. This protocol was approved by the Institutional Review Board of Seoul National University and Seoul National University Boramae Hospital. The UCB samples were mixed with Hetasep solution (Stemcell Technologies, Vancouver, Canada) at a ratio of 5:1 and incubated at room temperature to deplete erythrocytes. The supernatant was carefully collected and mononuclear cells were obtained by Ficoll density-gradient centrifugation at 2 500 r/min for 20 minutes. Cells were washed once or twice in PBS and seeded at a density of 2 × 10 5 to 2 × 10 6 cells/cm 2 under a humidified atmosphere of 5% CO 2 at 37°C. After 3 days, non-adherent cells were removed and media were changed. Adherent cells formed colonies about 10-14 days after seeding and then rapidly grew with a spindle-shaped morphology. The cells possessed the capacity to differentiate into at least three lineages, including adipocytes, chondrocytes and osteocytes. A survey of cell surface antigens on these cells revealed the presence of several antigens characteristic of mesenchymal stem cells. These mononuclear cells were therefore named human umbilical cord blood-mesenchymal stem cells [18, 44] . Prof. Kang's team previously demonstrated that culture-expanded human umbilical cord blood-mesenchymal stem cells retain their multipotency and express OCT4A, which is known to be an essential factor for stemness [44] and have shown therapeutic benefits on Buerger's disease and ischemic limb disease pre-clinically [26] .
Human umbilical cord blood-mesenchymal stem cells were maintained and expanded in keratinocyte-serum-free medium with 10% fetal bovine serum, 5 ng/mL human recombinant epidermal growth factor, 50 μg/mL bovine pituitary extract, 2 mM N-acetyl-L-cystein, 74 ng/mL hydrocortisone, 5 μg/mL insulin, and 0.2 mM L-ascorbic acid, and were incubated at 37°C in 95 % humidity and 5% CO 2 . Culture medium was replaced every 3 days. Passage 5 human umbilical cord blood-mesenchymal stem cells were used for transplantation into rats. Transplanted cells for each rat were taken from individual, non-pooled donors.
To track the transplanted human umbilical cord blood-mesenchymal stem cells, cells were labeled with PKH26 fluorescent cell linker dye according to the manufacturer's protocol and then injected into rats in the human umbilical cord blood-mesenchymal stem cells group (n = 4). At 1, 2, 3 and 4 weeks after injection of PKH26-labeled human umbilical cord blood-mesenchymal stem cells, the nerve was harvested, sectioned longitudinally and red fluorescence was observed using a confocal laser scanning microscope (Olympus, FV-300, Japan). Crush-injury sites were marked with a stay suture using 9-0 nylon (Ethicon, Livingston, UK) to identify the injury site at a later time.
Animal surgery procedure
Rats were intraperitoneally anesthetized with a cocktail of pentobarbital (45 mg/kg) and chloral hydrate (3 mL/kg). The right sciatic nerve was exposed and crushed with a 3 mm-wide hemostat at 5 mm distal to the sciatic notch for 1 minute. Immediately after creation of the 3 mm-wide crush injury, human umbilical cord blood-mesenchymal stem cells group rats were immediately injected at a density of 1 × 10 6 cells/15 μL of PBS into the lesion using a 30-gauge needle attached to a Hamilton syringe. Control group rats received 15 μL of PBS without cells. The application dose of human umbilical cord blood-mesenchymal stem cells in this study was based on the dose-dependence of stem cell-mediated functional recovery in a stroke rat model. These findings suggested that behavioral performance significantly recovered at 4 weeks when 10 6 or more human umbilical cord blood-derived cells were delivered [29] .
Effect of cell transplantation on BDNF, TrkB and p75 mRNA expression At 5 days post-surgery, rats in both groups (n = 6 each) were intraperitoneally anesthetized with a pentobarbital (45 mg/kg) and chloral hydrate (3 mL/kg) cocktail. A 5 mm segment of sciatic nerve, including the lesion and DRGs from the forth lumbar vertebra (L 4 ) through to sixth lumbar vertebra (L 6 ), were harvested from each rat. Tissues were stored at -70°C until further processing. Total RNA was extracted using TRIzol ® LS Reagent and RT-PCR was performed using the Total RNA Extraction Kit. PCR was conducted for 30 to 35 cycles with the following conditions and primers: BDNF for 30 seconds at 56°C (5'-AGC CTC CTC TAC TCT TTC TG-3' and 5'-TCC ACT ATC TTC CCC TTT TA-3'), TrkB receptor (full length) for 1 minute at 54°C (5'-CTC AGC AAA TCG CAG CAG G-3' and 5'-AGT AGT CGG TGC TGT ATA-3'), p75 for 90 seconds at 60°C (5'-GTG TTC TCC TGC CAG GAC AA-3' and 5'-GCA GCT GTT CCA CCT CTT GA-3') and GAPDH for 90 seconds at 60°C (5'-GGC ATT GCT CTC AAT GAC AA-3' and 5'-TGT GAG GGA GAT GCT CAG TG-3'). PCR products were run on a 1.2% agarose gel and normalized to GAPDH mRNA level. Relative quantitative analysis was performed using the Multi Gauge 3.0 program (Fujifilm, Tokyo, Japan).
Gait analysis with SFI
Gait analysis using a walking track has been widely used to assess the functional recovery of motor axons after sciatic nerve injury [45] [46] . Rats in each group had their hindpaws painted with blank ink and were applied to the paper-covered walking track. Footprints were recorded at 1, 2, 3 and 4 weeks after injection of human umbilical cord blood-mesenchymal stem cells or PBS (n = 6-11 rats/group). The following factors regarding each footprint of the normal (N) and experimental (E) paws were measured: print length (PL, the longitudinal distance between the tip of the longest toe and the heel), toe spread (TS, the distance between the first and fifth toes) and intermediary toe spread (IT, the distance between the second and fourth toes). The SFI was calculated using the following equation: SFI = -38.3 × (EPL -NPL)/NPL + 109.5 × (ETS -NTS)/NTS + 13.3 × (EIT -NIT)/NIT-8.8. The SFI value can range from 0 (normal function) to -100 (dysfunction) [45] .
Retrograde labeling
Retrograde axonal tracing with fluorescent markers is one of several methods to evaluate functional recovery in peripheral nerve regeneration [38] [39] [40] . At 4 weeks post-surgery, the sciatic nerve was sharply cut 10 mm distal to the crush-injury site. The proximal nerve end was then soaked for 1 hour in 20 μL 4% Fluoro Gold diluted in distilled water, prior to irrigation with saline. The wound was then closed (n = 5 rats per group). As a negative control, 20 μL of distilled water only was used to soak the proximal nerve end (n = 1 rat per group). As a positive control, the uninjured sciatic nerve (n = 1 rat per group) was soaked in 4% Fluoro Gold. Retrograde transport of Fluoro Gold from the cut end of nerve to the DRGs was permitted for 5 days. Transcardial perfusion was then performed with 4% neutral buffered formalin solution following a heparinized phosphate buffer rinse. The L 4-6 DRGs were harvested from each rat and post-fixed with 4% neutral buffered formalin. Each DRG was embedded in optimal cutting temperature compound and serially sliced to 20 μm-thick sections at 40 μm intervals using a cryotome (CM3050, Leica, Wetzlar, Germany). In total, 30 to 40 serial sections per DRG were obtained on silane-coated slides (MUTO, Tokyo, Japan) and each section was captured with a confocal laser scanning microscope (Fluoroview FV300, Olympus, Nagano, Japan). To compare Fluoro Gold-labeled DRG neuron counts between groups, three equatorial sections per DRG were selected and neurons intensely expressing gold/yellow fluorescence were counted and averaged.
Histomorphometric analysis
At 4 weeks post-injection of human umbilical cord blood-mesenchymal stem cells or PBS, rats were sacrificed and a 10 mm segment of sciatic nerve, including the crush-injury site, was excised (n = 6 each group). Samples were fixed with 2.5% glutaraldehyde in PBS (pH 7.4), cut transversely at the center of the lesion and post-fixed with 2% osmium tetroxide solution. The fixed nerve was embedded in Epon 812 (Nisshin EM, Tokyo, Japan), sectioned to 1 μm thickness and stained with toluidine blue. To evaluate axonal regeneration between groups, we measured the total fascicular area and counted the number of axons in three randomly selected fields per fascicle using an image analyzing system (Optimas 6.5 software, CyberMetrics, Scottsdale, USA). Axon density and total axon number were calculated directly by the software [12] .
Statistical analysis
Data were analyzed by analysis of variance and the Mann-Whitney test using STATVIEW 5.0.1 software (SAS Institute Inc., Cary, NC, USA) and are expressed as mean ± SEM. Statistical significance was accepted at P < 0.05. The results are presented using GraphPad PRISM (version 3.02, GraphPad Software Inc., San Diego, CA, USA).
